Objective: To investigate safety and feasibility of navigational bronchoscopy (NB)-guided near-infrared (NIR) localization of small, ill-defined lung lesions and sentinel lymph nodes (SLN) for accurate staging in patients with non-small cell lung cancer (NSCLC).
Perspective
Two major barriers to curative treatment of early stage lung cancer are surgical: (1) challenge in identifying small, ill-defined lesions intraoperatively for resection and (2) inadequate sampling and histologic scrutiny of tumor-associated lymph nodes. Navigational bronchoscopy-guided near-infrared marking is a novel technique that permits tumor localization and targeted staging of early lung cancers.
See Editorial Commentary page 1119.
See Editorial page 1077.
Lung cancer is the leading cause of cancer-related mortality in the United States, with an estimated 158,080 deaths expected to occur in 2016. 1 Despite ''curative'' resection and lymphadenectomy (LAD), there is a 30% recurrence rate and a 60%-80% 5-year survival in early stage non-small cell lung cancer (NSCLC). 2 Attempts to improve these outcomes have led to the initiation of national lung cancer screening, where an estimated 2 million Americans will be diagnosed with a new pulmonary nodule, and more than 80,000 will require surgery for diagnosis and treatment. [3] [4] [5] Unfortunately, many very early cancers discovered with screening are too small or ill-defined, as with ground-glass opacities (GGO), preventing localization for limited surgical resection or biopsy. Therefore, these small lesions are followed with imaging surveillance until they are large enough for diagnostic percutaneous biopsy or amenable to intraoperative localization. The concern of the surgeon and patient is that disease progression can occur during surveillance, thus potentially undermining the benefit of early detection. If a small or ill-defined lesion can be localized intraoperatively, limited surgical resection may not only offer a diagnosis but is also potentially curative for some of these small, peripheral lesions, if nodal disease is in fact absent. [6] [7] [8] Furthermore, many patients with poor cardiopulmonary reserve may only be candidates for limited resection, and thus precise intraoperative localization for lung parenchyma preservation with a negative surgical resection margin is critical for maximizing long-term outcomes.
Despite negative preoperative imaging to rule out occult locoregional lymph node metastases, pathologic upstaging found at the time of surgical resection occurs in up to 18% of patients. 9, 10 Furthermore, nodal staging is inadequate in more than 50% of limited resections performed for early-stage cancers, and standard hematoxylin and eosin analysis of all lymph nodes in the specimen identifies occult metastases 16%-18% less often than when individual nodes are scrutinized histologically. 11, 12 Occult nodal disease leads to understaging and missed opportunities for adjuvant therapy and may result in poor clinical outcomes. [13] [14] [15] [16] [17] Thus, 2 major barriers facing the curative treatment of early-stage lung cancer are surgical: the current challenge in identifying small, ill-defined lesions intraoperatively for parenchymasparing resections and the inadequate sampling and histologic scrutiny of tumor-associated lymph nodes.
Our previous phase I dose-titration trial using transpleural, peritumoral injection of the Food and Drug Administrationapproved near-infrared (NIR) dye indocyanine green (ICG) in 41 patients demonstrated no adverse events, excellent real-time imaging via minimally invasive NIR thoracoscopy, and a dose-dependent increase in NIR signal within sentinel lymph nodes (SLNs). 18 Although spillage of dye can occur after transpleural injection, SLNs were identified in 100% of patients at the optimized ICG dose. Importantly, transpleural injection required intraoperative palpation of the lesion for peritumoral injection, limiting this technique to superficial and/or relatively large lesions.
We conducted the first-in-human pilot trial of patients with suspected or known early-stage NSCLC undergoing intraoperative navigational bronchoscopy (NB)-guided transbronchial, peritumoral ICG injection, subsequent NIR lesion localization, resection, and SLN mapping via minimally invasive thoracoscopic surgery. We aimed to show this comprehensive image-guided technique is both safe and feasible for both localization of early-stage lung cancers and targeting of tumor-associated SLNs.
METHODS

Study Design and Patients
This prospective pilot trial evaluates the feasibility of NB-guided peritumoral ICG injection for NIR ''tattoo'' marking of suspected or known lung cancers and NIR þ SLN retrieval for nodal staging ( Figure 1 ). The trial protocol was approved by the Partners Internal Review Board (Boston, Mass), and all cases were conducted at Brigham and Women's Hospital (Boston, Mass). Primary endpoints included visualization of the NIR þ ''tattoo,'' complete resection of the lesion, identification of NIR þ SLNs, and histopathologic status of SLNs versus overall LNs in the LAD specimen. In addition, adverse events associated with NB-labeling or to ICG dye itself were recorded. Twelve patients with clinically suspected or biopsy-proven T1N0 NSCLC scheduled to undergo minimally invasive lung resection were enrolled between March and December 2015 following informed consent for surgery and independently for the study protocol. Exclusion criteria included age <18 years old, pregnancy or breastfeeding, history of iodide or seafood allergy, suspected or known metastatic nodal disease, and previous neoadjuvant chemotherapy or radiation therapy to the lung. Although lobectomy is the standard of care for lung cancer, initial patients selected for this trial were those undergoing minimally invasive wedge resection for diagnosis or treatment either due to patient comorbidity, lesion characteristics, 6 or patient preference as the aim of this trial was to test our technique for both lesion localization and targeted lymphatic mapping. All study patients underwent standard preoperative chest computed tomography (CT) AE positron emission tomography (PET)/CT for staging. Four patients with enlarged or suspicious lymph nodes had documented negative nodal pathology via cervical mediastinoscopy or endobronchial ultrasound prior to lung resection. All patients found to have NSCLC underwent LAD at the time of surgery.
NB-Guided ICG Peritumoral Injection
NB is a real-time localization system that uses 3-dimensional images generated from a preoperative NB-protocol chest CT or PET/CT scan with 1 3 0.8-mm slice intervals. The superDimension system(Covidien, Minneapolis, Minn) used creates a ''road map'' through the airway anatomy to guide a NB catheter to the lesion of interest for intraoperative biopsy and peritumoral ICG injection. 
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Fla) was diluted to 2.5 mg/mL using 25% human serum albumin (ICG:HSA), as albumin has been shown to increase the effective hydrodynamic diameter of ICG almost 6-fold, resulting in increased lymphatic retention. 19 Based on our group's previous transpleural NIR dose escalation trial for lung cancer, 15 a dose of 1.25-2.5 mg (0.5-1 mL) ICG was used. Using the NB catheter location registration, access to within a centimeter of the lesion was obtained via the airway. A needle was then advanced towards the lesion to inject ICG just deep to the lesion of interest. This allowed ICG marking of the deep margin of the lesion, ensuring the entire lesion was removed with resection of the ICG labeled parenchyma. The number of peritumoral injections used in each case ranged from 1 to 3 discrete injections, depending on lesion location, feasibility of multiple injection sites, and the number of lesions to be localized. The ''tattoo'' was visualized from the pleural surface due to the property of NIR light to penetrate tissue. 20 NB-guided lesion biopsy with fluoroscopy was performed at the discretion of the operating surgeon.
NIR Image-Guided Resection and Lymphatic Mapping
After NB-guided peritumoral injection, patients were repositioned to the appropriate lateral decubitus position for resection via video-assisted thoracoscopic surgery. Real-time NIR fluorescence images were obtained intraoperatively using a minimally invasive NIR PINPOINT imaging system (Novadaq) including a 10-mm, 30-degree NIR thoracoscopic camera. ICG signal was detected in vivo at the site of peritumoral ''tattoo'' in all patients, with minimal NIR autofluorescence or background signal from normal human tissue. All patients underwent lung resection, and those with confirmed NSCLC underwent lymph node sampling comprising the LAD specimen with NIR imaging for SLN identification and resection. Specimens were imaged ex vivo to confirm NIR signal. The decision for definitive wedge resection versus lobectomy was based on lesion characteristics (identification of benign disease, multifocal adenocarcinoma, or metastatic disease), limited pulmonary status, or patient preference. For diagnoses other than NSCLC (benign lesions or metastases from another primary site), LAD and NIR SLN imaging were not performed.
Pathologic Analysis
The surgical specimen and the individually labeled nodal specimens, including NIR þ SLNs, were sent for routine histopathologic analysis. All
LNs were fixed in formalin and embedded in paraffin for hematoxylin and eosin staining. Pathologic status was determined by an experienced lung pathologist without knowledge of which node was identified as NIR þ intraoperatively.
Statistical Analysis
The data reported is descriptive of the events that occurred in the trial with mean and standard deviation reported where appropriate. Specificity and sensitivity of the SLN are calculated based on the pathologic status of the NIR þ SLN in comparison with all nodes sampled along with the LAD.
RESULTS
Patient and Lesion Characteristics
Twelve patients, 10 female and 2 male, underwent NB-guided NIR marking of lung lesions. Mean patient age was 62 years old with a standard deviation of 6.7 years. A total of 15 lung lesions, all malignant, were resected ranging in size from 0.4 to 2.2 cm, with a depth from the pleural surface of 0.1 to 3.0 cm (Table 1) . Seven lesions were characterized as solid on preoperative imaging, 6 were semisolid, 1 was a pure GGO, and 1 was not evident on preoperative imaging. Lesions were identified in the right upper lobe (n ¼ 4), right lower lobe (n ¼ 2), left upper lobe (n ¼ 6), and left lower lobe (n ¼ 3). Wedge resection was performed for all lesions to establish a pathologic diagnosis with completion lobectomy in 1 case. Two patients were diagnosed with metastatic disease from another primary and 10 patients with NSCLC.
NB-Guided NIR Lesion Localization and Resection
NB-guided NIR ''tattoo'' marking was performed under general anesthesia with the patient supine and immediately before lung resection in all 12 cases with all 14 known lesions NIR marked and intraoperatively identified. The size of the visualized pleural ''tattoo'' depended on the depth and location of injection of ICG. Two separate lesions were marked with 0.5 mL of ICG:HSA per lesion in patients 5 and 12. These patients underwent wedge resections for diagnosis of potential multifocal disease. Patient 12 was discovered on final pathology to have a third focus of adenocarcinoma not palpable or identified on preoperative imaging, but it was removed within the wedge resection of an adjacent NIR marked tumor.
Total NB time for peritumoral injection, which included biopsy and on-site cytologic interpretation as requested by the surgeon in 7 cases, averaged 34.5 minutes with approximately 20 minutes being for the entire navigation, dye preparation, and lesion ''tattoo'' if biopsy was not required. Total fluoroscopy time for injection of ICG alone ranged from 3 to 20 seconds and for patients who also underwent NB-biopsy ranged from 19.7 to 26 seconds with a total dose of 0.93-3.94 mGy. Immediately after placement of the NIR thoracoscope, the NIR ''tattoo'' was identified successfully on the pleural surface corresponding to each lesion in all cases. The average time to visualization after injection was 65 minutes with a standard deviation of 31 minutes. Given the depth of the lesion in patient 6, needle localization under CTguidance after ICG injection was unsuccessfully attempted as a backup strategy before video-assisted thoracoscopic surgery delaying the assessment of NIR marking which was still readily visible at 161 minutes (Figure 2 ). For each patient, the site of NIR þ ''tattoo'' colocalized with the primary nodule identified on all frozen section analyses and was associated with negative surgical margins in all cases (mean margin distance 0.9 cm AE 0.7 cm). The average lesion to lesion:margin ratio was 1.3 AE 0.8. No clinically significant adverse events after NB and the injection of ICG were noted including bleeding, pneumothoraces, or bronchospasm.
NB-Guided NIR Imaging for SLN Identification
Ten of the 12 patients were found to have primary lung cancer for which SLN mapping and subsequent LAD were performed. SLN mapping was not performed in 2 patients without primary lung cancer. At least one NIR þ SLN was identified in 8 of the 10 lung cancer cases, for an 80% detection rate (Table 2) . Notably, 75% of SLNs identified were in N2 stations increasing the likelihood of finding disease that can upstage patients to stage III, as occurred in patient 1. SLNs were not identified in patients 6 and 8. As mentioned, patient 6 was delayed due to an unsuccessful attempt at needle localization. Although the NIR ''tattoo'' readily aided in tumor localization, the delay resulted in greater than 3 hours elapsing between the time of injection and examination of lymph node stations. Patient 8 also had a visible NIR þ ''tattoo'' of a peripheral lesion, but ICG was noted to have extravasated through the visceral pleura, resulting in a smaller actual dose delivered to the lung parenchyma and no NIR þ SLN was identified. In addition, this patient had a diagnosis of sarcoidosis with significant fibrosis involving the lymph nodes and associated lung parenchyma which may have also contributed to this failure. Patient 7 underwent concurrent methylene blue injection of the lesion, which was visible at the site of the NIR þ ''tattoo''; however the SLN was only visible with ICG and no methylene blue was present within the LAD specimen. Representative cases in which a SLN was identified are shown in Figure 3 and Video 1.
Pathologic Analysis
Both the lung and SLN specimens were imaged ex vivo before pathologic analysis to confirm NIR þ status. Pathologic analysis of resected lesions revealed primary lung adenocarcinoma (n ¼ 9), squamous cell carcinoma (n ¼ 1), atypical spindle cell neoplasm (n ¼ 1), and metastatic leiomyosarcoma (n ¼ 1). In all cases in which LAD was performed, a negative SLN was reflective of the status of all other nodes in the LAD specimen. Importantly, the NIR þ level 7 SLN identified in patient 1 was the only pathologic positive lymph node identified within the LAD specimen, resulting in upstaging from a negative nodal status (despite preoperative cervical mediastinoscopy) to stage IIIa disease. On the basis of these findings, the pathologic status of the 9 identified SLN was 100% sensitive and specific for overall nodal disease.
DISCUSSION
This is the first reported human pilot trial to demonstrate the safety and feasibility of NB-guided peritumoral NIR marking of lung lesions and mapping of tumor-associated SLNs. Twelve patients successfully underwent NB-guided marking, allowing for lung lesion localization and resection with a negative margin in all patients. SLNs were identified in 80% of the 10 patients found to have NSCLC. This minimally invasive technique allows for the accurate localization and staging of small, ill-defined pulmonary nodules and GGOs representing a significant advancement in the way we manage, treat, and stage early lung cancers. Nodal status is a significant prognostic indicator in lung cancer, yet many patients still do not undergo proper nodal staging leading to potentially understaged and undertreated disease, which may contribute to poor overall survival and relatively high recurrence rates.
2,12-17 Although preoperative imaging, in particular CT and PET/CT, is necessary for clinical staging, histologic diagnosis is still required to ensure N0 status, given the relatively low sensitivity and specificity for detecting metastatic nodal disease in early-stage lung cancers. 21, 22 The high falsenegative rate is evident by the nearly 18% incidence of pathologic upstaging reported in early-stage lung cancers, and, in fact, our study resulted in the upstaging to stage III disease in 12.5% (1/8) of patients in whom SLNs were analyzed. 9, 10 Although nodal sampling has been shown to be equivalent to radical LAD, SLN mapping offers distinct advantages including targeting the tumor-draining node(s) that are at increased risk of harboring metastatic disease and also permitting focused in-depth histologic scrutiny. 23 In addition, patients with early-stage NSCLC are prone to developing a second primary NSCLC at a rate of 1%-2%/year. In the future, targeted nodal assessment could potentially allow for subsequent nodal staging of a second ipsilateral lung cancer, an opportunity that is currently not possible if a full LAD has previously been performed. 24 Under the current NCCN guidelines, patients with small, peripheral semi-solid, or slow-growing lesions may not require a lobectomy (although an anatomic resection is still preferred), 6 and some studies are indicating favorable long-term outcomes with limited resection. 7, 8 These small ill-defined lesions may be difficult to localize intraoperatively; however, with this technique, they can easily be identified and staged in a directed fashion and in a single operative setting. This is important for patients undergoing sublobar resection, as traditional rates of nodal sampling with sublobar resection have been highly variable.
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Furthermore, this technique for targeted lymphatic mapping may offer an advantage for poor surgical candidates who cannot tolerate a large anatomic resection but would receive better staging than a patient undergoing focused definitive radiation such as stereotactic body radiation therapy. In this pilot study, the first patient evaluated was found to have nodal disease solely in the N2 level NIR þ SLN, which was not detected previously on PET/CT or cervical mediastinoscopy despite multiple LNs sampled including several nodes in the same station. This change in clinical stage significantly changed the prognosis and treatment of the patient resulting in the administration of adjuvant chemotherapy. This disease may have remained occult without the focused direction of the NIR signal as all of the other NIR À nodes in the same nodal station were negative for metastatic disease. Similar upstaging was noted in 2 patients in our prior transpleural NIR trial, reinforcing the importance of targeting specific tumor-associated SLNs for focused pathologic analysis. 18 Early porcine studies of NB-guided NIR imaging by Anayama and Wada demonstrated the significant potential for clinical translation of a transbronchial ICG injection technique. 19, 25, 26 Anayama and colleagues 25 reported the feasibility of NB-guided ICG delivery adjacent to porcine agar pseudotumors, with NIR signal detection up to a depth of 2.4 cm and lasting as long as 6 hours in an inflated porcine lung. In the current study, the NIR ''tattoo'' was readily identifiable in all 12 patients with peritumoral NIR signal detection at depths of up to 3 cm from the pleural surface. Premixing ICG with HSA, which we have shown previously to be critical for successful SLN identification in humans, also resulted in a stable NIR þ signal without significant parenchymal diffusion for more than 4.5 hours after ICG injection. In the study by Wada and colleagues, 26 attenuated nodal signal was noted with transbronchial ICG injection using ICG concentrations as low as 10 mg for lung marking, though previous studies have shown that these low ICG doses are inadequate for human translation of NIR techniques. 18, 19 Thus, using our previously established dose of ICG:HSA, the current trial demonstrates the feasibility of SLN identification after transbronchial injection with persistence of NIR signal in SLN for at least 3 hours after injection, allowing sufficient time for completion of intraoperative diagnosis, resection, and staging.
NB-guided NIR marking and directed surgical resection allows for diagnosis and treatment to be carried out in a single operative setting with the NIR ''tattoo'' placed via the same NB working channel used for biopsy of a lesion, thus streamlining care, reducing time to therapy, and potentially reducing costs This is in contrast to CT-guided percutaneous biopsy, which typically requires coordination with an interventional radiologist and access to an imaging suite before surgery. In addition, patients are exposed to radiation and are at risk of pneumothorax and possible chest tube placement for the management of complications that may delay definitive diagnosis and treatment. 27, 28 This risk is mitigated with NB as biopsy and ICG injection do not require traversing the pleural surface and may be irrelevant when performed immediately before surgical entry into the chest. The current study demonstrated that NB-guided ICG injection was safe without associated adverse events. Total procedure time including NB-guided peritumoral injection was similar to previous reports adding on average 20 minutes to the operative time for both diagnosis, when indicated, and labeling of the lesions. 29 Importantly, other approaches to intraoperative detection of pulmonary nodules have been described, including lesion localization with blue dyes, microcoils, percutaneous wire placement, and intravenous ICG, but none of these techniques permit concurrent SLN mapping for the lesion of interest. [30] [31] [32] [33] [34] [35] Blue dyes and radiocolloid tracers have not demonstrated reproducible or accurate SLN detection even in multicenter studies, in large part due to pigmented anthracotic thoracic LNs, high tracer background signal, and rapid migration due to small particle size. 36, 37 The 1 patient in this trial who underwent concurrent methylene blue injection did demonstrate equivalent localization with lesional ''tattoo''; however, there was no discernible migration to lymph nodes and the SLN was identified only by ICG. The translational success of other tumor-targeted approaches to fluorescence labeling, such as antibody- conjugated and enzyme-activated probes, appears to rely on the ability to predict tumor biology and histology, which can be difficult when evaluating ill-defined lung nodules, particularly when lesions are very small and preoperative histology or genomic sequencing is not available. 38, 39 Limitations of the current prospective pilot trial include a small sample size, limited histologic and radiographic variability in tumor type, and restriction to NB-accessible lesions. Pathologic findings demonstrated the predictive ability of identified NIR þ SLNs scrutinized by routine pathologic analysis to identify occult nodal disease, and in the future, in-depth immunohistochemical evaluation may further improve the sensitivity of this approach. In addition, long-term recurrence and survival outcomes are necessary in larger, multicenter trials to determine whether cases identified as N0 based on SLN status behave as true node negative cases and exhibit better overall survival than patients deemed node-negative by standard hematoxylin and eosin analysis of routine LAD specimens.
This novel first-in-human prospective pilot trial demonstrates that the NB-guided NIR technique for tumor localization and targeted lymphatic mapping is safe and feasible even for small ill-defined, stage I lung cancers. With continued development, this technology has the potential to significantly extend surgical resection and staging to include nonpalpable lesions in patients that are unable to tolerate a ''blind lobectomy'' and may alter the way early-stage NSCLC is identified and staged intraoperatively. Under a single anesthetic, patients may have an early-stage NSCLC accurately biopsied for diagnosis, definitively resected, and accurately staged, allowing surgeons to truly achieve the curative benefits purported with early-detection CT-screening programs.
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